Introduction {#s1}
============

Cell-mediated immunity (CMI) is a critical component for protection against intracellular pathogens. Upon infection, the innate immune response provides resistance and initiates the development of antigen-specific lymphocytes including cytotoxic CD8^+^ T cells, which ultimately kill host cells harboring pathogens [@ppat.1003861-Harty1]. The Gram-positive bacterium *Listeria monocytogenes* has been used for decades as a model organism to investigate the generation of CMI, as infection induces a robust effector and memory CD8^+^ T cell response that restricts bacterial growth following a lethal secondary challenge, resulting in long-lived sterilizing immunity [@ppat.1003861-Pamer1]. Although it is generally agreed that activation of the innate immune system is critical for the initiation of adaptive immunity [@ppat.1003861-Schenten1], the specific signaling pathways necessary to elicit a robust protective immune response to *L. monocytogenes* remain poorly understood.

*L. monocytogenes* is detected by multiple innate immune signaling pathways during infection [@ppat.1003861-Witte1]. Following engulfment by macrophages and dendritic cells, the bacteria reside within phagosomes where they are detected by Toll-Like Receptors (TLRs), resulting in the activation of MyD88-dependent response genes [@ppat.1003861-Leber1]. By secreting a pore-forming cytolysin, listerolysin O (LLO), *L. monocytogenes* escapes into the cytosol where it replicates and polymerizes actin to facilitate cell-to-cell spread [@ppat.1003861-Cossart1]. *L. monocytogenes* is detected by several cytosolic innate immune pathways leading to a cytokine profile distinct from that of LLO-deficient bacteria, which are restricted to the phagosome [@ppat.1003861-Leber1], [@ppat.1003861-ORiordan1].

The primary cytosolic sensor of *L. monocytogenes* is STING (stimulator of interferon (IFN) genes, also known as MPYS, MITA and ERIS), an ER-localized transmembrane protein [@ppat.1003861-Barber1]. STING is activated by cyclic dinucleotides (CDNs) that are either produced by a pathogen or by an endogenous cyclic GMP-AMP synthase that is activated by DNA [@ppat.1003861-Barker1], [@ppat.1003861-Zhang1]. Direct binding of CDNs to STING activates a downstream signaling cascade involving TBK1 and IRF3 [@ppat.1003861-Burdette1], [@ppat.1003861-Ishikawa1], [@ppat.1003861-McWhirter1]. In the case of *L. monocytogenes*, cyclic diadenosine monophosphate (c-di-AMP) is secreted through bacterial multi-drug efflux pumps, leading to STING activation and transcription of IFN-β and co-regulated genes [@ppat.1003861-Crimmins1], [@ppat.1003861-Woodward1]. STING-deficient macrophages or mice are unable to produce IFN-β in response to *L. monocytogenes* infection indicating that STING is required for the type I IFN response to *L. monocytogenes* [@ppat.1003861-Jin1], [@ppat.1003861-Sauer1].

Purified CDNs are immunostimulatory *in vitro* and *in vivo*. Murine and human dendritic cells exposed to cyclic diguanosine monophosphate (c-di-GMP) or c-di-AMP exhibit enhanced surface expression of costimulatory markers and T cell proliferation. Mice mount a significant antibody response following co-administration of protein antigens with c-di-GMP or c-di-AMP [@ppat.1003861-McWhirter1], [@ppat.1003861-Ebensen1], [@ppat.1003861-Ebensen2], [@ppat.1003861-Karaolis1]. CDNs also stimulate cellular immune responses. Antigen-stimulated splenocytes from mice immunized with β-ααgalactosidase in the presence of c-di-GMP or c-di-AMP proliferate and secrete cytokines [@ppat.1003861-Ebensen1], [@ppat.1003861-Ebensen2]. These data indicate that CDNs are sufficient to elicit a cell-mediated adaptive immune response.

Entry of *L. monocytogenes* into the host cytosol is necessary to generate secondary protective immunity, as phagosome-restricted heat-killed or LLO-deficient bacteria do not elicit functional cytotoxic T cells and long-term memory responses [@ppat.1003861-Bahjat1], [@ppat.1003861-Berche1], [@ppat.1003861-vonKoenig1]. The attenuated ActA-deficient mutant strain, which escapes the phagosome but fails to polymerize actin and spread to neighboring cells, is fully immunogenic to mice [@ppat.1003861-Harty2]. Furthermore, MyD88-deficient mice, while highly susceptible to acute infection with virulent *L. monocytogenes*, are fully protected following secondary lethal challenge when immunized with the ActA-deficient mutant [@ppat.1003861-Edelson1], [@ppat.1003861-Kursar1], [@ppat.1003861-Seki1], [@ppat.1003861-Way1]. These findings suggest that phagosomal detection of *L. monocytogenes* during immunization is not sufficient for the development of protective immunity.

STING activation induces an array of IRF3-dependent genes [@ppat.1003861-Leber1] as well as NF-κB and STAT6-dependent genes [@ppat.1003861-Chen1], [@ppat.1003861-Ishikawa2]. Since LLO-deficient bacteria fail to enter the cytosol and induce STING-related genes [@ppat.1003861-Leber1], [@ppat.1003861-ORiordan1], we hypothesized that the detection of *L. monocytogenes* by STING is required for CMI. In this study, we tested whether STING signaling plays an important role in the generation of protective immunity to *L. monocytogenes*.

Results {#s2}
=======

The STING signaling pathway is not required for protective immunity to *L. monocytogenes* {#s2a}
-----------------------------------------------------------------------------------------

In the model of protective immunity used in these studies, mice were immunized with an attenuated yet immunogenic strain of *L. monocytogenes* that lacks the *actA* and *inlB* genes (ActA^−^Lm) and challenged 30--38 days later with 2LD~50~ (2×10^5^ colony forming units (CFU)) of wild-type *L. monocytogenes* (WT Lm). Previous studies typically immunize mice with 0.1LD~50~ of *L. monocytogenes* (1×10^7^ CFU ActA^−^Lm for C57BL/6 mice) [@ppat.1003861-Bahjat1]. At this high immunization dose, bacterial burdens in subsequently challenged mice are below the limit of detection. In contrast, a lower immunization dose of 10^3^ CFU (∼0.00001LD~50~ for C57BL/6 mice) still generated significant immunity as compared to naïve mice, but did not induce saturating immunity and thus revealed differences that might be missed using higher doses (**[Fig. S1A](#ppat.1003861.s001){ref-type="supplementary-material"}**).

To determine whether STING signaling is required for the generation of protective immunity to *L. monocytogenes*, mice lacking STING (*Goldenticket*, *Gt*) were immunized with 10^3^ CFU of ActA^−^Lm expressing ovalbumin (ActA^−^Lm-OVA) and challenged 30--38 days later with 2LD~50~s of WT Lm-OVA. Surprisingly, whereas naïve STING-deficient mice had similar bacterial burdens as naïve C57BL/6 (B6) mice, immunized STING-deficient mice had approximately 1.5--2 logs fewer bacteria in spleens and livers compared to immunized B6 mice ([**Fig. 1A**](#ppat-1003861-g001){ref-type="fig"}). At higher immunization doses (10^4^ and 10^5^ CFU), the majority of B6 and STING-deficient mice had bacterial numbers below the limit of detection in the spleen and thus no significant differences could be observed (**[Fig. S1B](#ppat.1003861.s001){ref-type="supplementary-material"}**). Since cytotoxic CD8^+^ T cells are the major mediator of *L. monocytogenes* clearance following secondary challenge [@ppat.1003861-Pamer1], [@ppat.1003861-Condotta1], the number of OVA-specific CD8^+^ T cells were measured by staining splenocytes with a MHC class I restricted OVA tetramer (K^b^/OVA~257--264~). STING-deficient mice had significantly higher total numbers of OVA-specific CD8^+^ T cells compared to B6 mice ([**Fig. 1B**](#ppat-1003861-g001){ref-type="fig"}). These data suggested that STING-deficient mice exhibited enhanced immunity.

![Mice lacking the STING signaling pathway generate a protective adaptive immune response following *L. monocytogenes* reinfection.\
B6, *Gt*, *IRF3^−/−^* and *IRF3/7^−/−^* mice were immunized intravenously with 10^3^ CFU ActA^−^Lm-OVA (Δ*actA*) (open circles) or administered PBS (closed circles) and 30--38 days later challenged with 2×10^5^ CFU WT Lm-OVA. Three days post challenge, **A**. bacterial CFU in the spleens and livers were enumerated. The dashed line represents the limit of detection. **B**. Splenocytes were stained with anti-mouse CD8, CD44 and K^b^/OVA~257--264~ tetramer and analyzed by flow cytometry. Quantitative analysis shows the total number of K^b^/OVA~257--264~ tetramer^+^ CD44^+^ CD8^+^ T cells/spleen. **C**. Splenocytes were either unstimulated (un) or stimulated with OVA~257--264~ (OVA) or LLO~190--201~ (LLO) peptides followed by intracellular staining with anti-mouse IFN-γ, TNF-α and IL-2. Quantitative analysis shows the percentage of IFN-γ^+^/TNF-α^+^/IL-2^−^ (solid bars) or IFN-γ^+^/TNF-α^+^/IL-2^+^ (lined bars) within the CD8^+^ or CD4^+^ population. Data are presented as the cumulative results from 5--12 (**A**), 3--6 (**B**) or 2--4 (**C**, mean ± SEM) independent experiments using at least five mice per group. Asterisks represent significance as compared to Δ*actA*-immunized B6 mice (\*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).](ppat.1003861.g001){#ppat-1003861-g001}

STING stimulation leads to the activation of the transcription factor, IRF3 [@ppat.1003861-Ishikawa1]. In addition, IRF7 contributes to IFN-α production in response to *L. monocytogenes in vivo* [@ppat.1003861-Stockinger1]. To determine the role of these downstream effectors of STING signaling, mice lacking IRF3 (*IRF3^−/−^*) or IRF3 and IRF7 (*IRF3/7^−/−^*) were examined for protective immunity. Compared to B6 mice, IRF3-deficient mice had less bacteria in the livers and IRF3/7-deficient mice had less bacteria in the spleens and livers ([**Fig. 1A**](#ppat-1003861-g001){ref-type="fig"}). Both groups had significantly higher numbers of OVA-specific CD8^+^ T cells than B6 mice ([**Fig. 1B**](#ppat-1003861-g001){ref-type="fig"}), suggesting that these transcription factors contribute to the STING-mediated decrease in immunity.

To evaluate whether T cells from mice lacking STING signaling possessed effector functions, splenocytes from ActA^−^Lm-OVA-immunized mice were stimulated with either the MHC class I-restricted peptide OVA~257--264~, or the MHC class II-restricted peptide LLO~190--201~ from *L. monocytogenes* and measured for IFN-γ, TNF-α and IL-2 production by intracellular cytokine staining and flow cytometry. STING-deficient mice had significantly higher numbers of polyfunctional IFN-γ-, TNF-α- and IL-2- producing CD8^+^ and CD4^+^ T cells compared to B6 mice ([**Fig. 1C**](#ppat-1003861-g001){ref-type="fig"}). IRF3/7-deficient but not IRF3-deficient mice also had higher numbers of IFN-γ- and TNF-α-producing CD8^+^ T cells. These data suggested that in the absence of STING or its downstream transcription factors IRF3 and IRF7, CD8^+^ T cell expansion, cytokine production and bacterial clearance was enhanced.

In the absence of MyD88, STING plays a role in the innate but not the adaptive immune response {#s2b}
----------------------------------------------------------------------------------------------

*L. monocytogenes* activates TLRs which signal via the adaptor MyD88 [@ppat.1003861-Witte1]. It is possible that both MyD88- and STING-dependent response genes play redundant roles in generating protective immunity to *L. monocytogenes*. To test this hypothesis, we bred mice lacking both MyD88 and STING (*MyD88^−/−^Gt*). Bone marrow-derived macrophages (BMMs) from MyD88/STING-deficient mice infected with WT Lm had low or non-detectable expression of the cytokines IFN-β, IL-12 p40, TNF-α and IL-6 (**[Fig. S2A](#ppat.1003861.s002){ref-type="supplementary-material"}**).

To examine whether the loss of both the MyD88 and STING signaling pathways affect bacterial clearance during an acute infection, B6, MyD88- and MyD88/STING-deficient mice were infected with WT Lm. MyD88/STING-deficient mice had similar bacterial burdens as MyD88-deficient mice early after infection, however by day 3, had significantly higher CFU in the spleen and the liver (**[Fig. S2B](#ppat.1003861.s002){ref-type="supplementary-material"}**). Although mice lacking MyD88 cannot survive infection with WT Lm, MyD88/STING-deficient mice died earlier than MyD88-deficient mice (**data not shown**). These data indicated that in the absence of MyD88, STING contributes to *L. monocytogenes* clearance during an acute response.

To determine whether the loss of MyD88 and STING affects initiation of the adaptive response to *L. monocytogenes*, the upregulation of costimulatory molecules on splenic dendritic cells from immunized B6, STING-, MyD88- and MyD88/STING-deficient mice was measured. Surface expression of CD86 and CD40 was decreased in MyD88- and STING-deficient mice and further reduced in the MyD88/STING-deficient mice, suggesting an additive effect of these two pathways ([**Fig. 2A**](#ppat-1003861-g002){ref-type="fig"}). Upregulation of the activation marker CD69 on CD8^+^ and CD4^+^ T cells was also decreased in both MyD88- and STING-deficient mice and ablated in MyD88/STING-deficient mice ([**Fig. 2B**](#ppat-1003861-g002){ref-type="fig"}). Furthermore, IL-6, TNF-α and MCP-1 in the serum were mostly dependent on MyD88 but further reduced in the MyD88/STING-deficient mice. IL-12 p70 was non-detectable in either MyD88- or MyD88/STING-deficient mice ([**Fig. 2C**](#ppat-1003861-g002){ref-type="fig"}). These data indicated that mice lacking MyD88 and STING signaling had significantly reduced dendritic and T cell activation and cytokine production *in vivo* in response to *L. monocytogenes* immunization.

![MyD88 and STING contribute to dendritic cell and T cell activation *in vivo*.\
B6 (closed bars), *Gt* (open bars), *MyD88^−/−^* (lined bars) and *MyD88^−/−^Gt* (dotted bars) mice were intravenously injected with either PBS (shaded histogram) or 10^5^ CFU ActA^−^Lm-OVA (Δ*actA*) (black line). One day post injection, **A**. splenocytes were isolated and stained with anti-mouse CD86, CD40, CD11b, CD11c or **B**. anti-mouse CD8, CD4 and CD69 and analyzed by flow cytometry. Quantitative analysis shows the fold increase of median fluorescence intensity over uninfected mice. **C**. Serum was measured for IL-6 and TNF-α, MCP-1 and IL-12p70 by Cytometric Bead Array. Data represent the mean ± SEM from 3 independent experiments with 3 mice per group (ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).](ppat.1003861.g002){#ppat-1003861-g002}

Mice lacking both MyD88 and STING were tested for the ability to develop protective immunity. Similar to B6 and MyD88-deficient mice, MyD88/STING-deficient mice were protected following secondary lethal challenge and showed no signs of disease unlike naïve mice which were either moribund or dead at the time of sacrifice. MyD88/STING-deficient mice had a small increase in the number of bacteria in the livers compared to MyD88-deficient mice ([**Fig. 3A**](#ppat-1003861-g003){ref-type="fig"}). However, MyD88/STING-deficient mice had significantly higher number of OVA-specific CD8^+^ T cells compared to MyD88-deficient mice ([**Fig. 3B**](#ppat-1003861-g003){ref-type="fig"}), suggesting that the higher bacterial loads in the liver was likely due to loss of innate rather than adaptive immune responses. These data indicated that regardless of the presence or absence of MyD88, protective immunity to *L. monocytogenes* is enhanced in the absence of STING.

![Mice lacking MyD88 and STING are protected from secondary challenge.\
B6, *MyD88^−/−^* and *MyD88^−/−^Gt* mice were immunized intravenously with 10^3^ CFU ActA^−^Lm-OVA (Δ*actA*) (open circles) or administered PBS (closed circles) and 30--38 days following immunization, challenged with 2×10^5^ CFU WT Lm-OVA. Three days post challenge, **A**. bacterial numbers in the spleens and livers were enumerated. An **X** marks each mouse that succumbed to infection prior to the conclusion of experiment. The dashed line represents the limit of detection. **B**. Splenocytes were stained with anti-mouse CD8, CD44 and K^b^/OVA~257--264~ tetramer and analyzed by flow cytometry. Quantitative analysis shows the total number of K^b^/OVA~257--264~ tetramer^+^ CD44^+^ CD8^+^ T cells/spleen. Data are presented as the cumulative results from 4--6 (**A**) or 3 (**B**) independent experiments (ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).](ppat.1003861.g003){#ppat-1003861-g003}

Enhanced STING activation blocks the development of adaptive immunity {#s2c}
---------------------------------------------------------------------

Mice immunized with LLO-deficient *L. monocytogenes* fail to develop protective immunity [@ppat.1003861-Bahjat1], [@ppat.1003861-Berche1]. Since LLO-deficient bacteria do not activate STING, we hypothesized that c-di-AMP-mediated STING activation might be sufficient to restore immunity in LLO^−^Lm-immunized mice. In support of previous reports, we found that BMDCs stimulated with c-di-AMP secreted cytokines and upregulated costimulatory markers *in vitro* (**[Fig. S3](#ppat.1003861.s003){ref-type="supplementary-material"}**). Furthermore, mice administered c-di-AMP intravenously exhibited increased surface expression of CD86 and CD40 on splenic dendritic cells and of the activation marker CD69 on splenic CD8^+^ and CD4^+^ T cells in a STING-dependent manner ([**Fig. 4A and 4B**](#ppat-1003861-g004){ref-type="fig"}), indicating that c-di-AMP can induce an inflammatory response in our model.

![Administration of c-di-AMP during immunization inhibits CD8^+^ T cell expansion and protective immunity upon *L. monocytogenes* reinfection.\
**A** and **B**. B6 or *Gt* mice were intravenously injected with either 50 µg c-di-AMP (black line) or PBS (shaded histogram) and splenocytes were isolated 24 hours were stained with either **A**. anti-mouse CD86 and CD40 or **B**. anti-mouse CD8, CD4 and CD69 and analyzed by flow cytometry. Data are quantified as the fold increase of median fluorescence intensity over uninfected mice and presented as the mean ± SEM from 3 independent experiments using 3 mice per group (ND = not detectable). **C**. B6 mice were immunized intravenously with either 10^3^ ActA^−^Lm-OVA (Δ*actA*) or 10^4^ LLO^−^Lm-OVA (Δ*hly*) in the presence (open triangles) or absence (open circles) of 50 or 100 µg c-di-AMP, or **D**. B6, *Gt* or *IRF3/7^−/−^* mice were immunized with either 10^3^ CFU Δ*actA* in the presence (open triangles) or absence (open circles) of 100 µg c-di-AMP. Naive controls were administered sterile PBS (closed circles). Mice were challenged 30--38 days post immunization with 2×10^5^ CFU WT Lm-OVA and 3 days later CFU were enumerated in spleens. The dashed line represents limit of detection. **E**. Splenocytes isolated from **D** were stained with anti-mouse CD8, CD44 and K^b^/OVA~257--264~ tetramer and analyzed by flow cytometry. Quantitative analysis shows the total number of K^b^/OVA~257--264~ tetramer^+^ CD44^+^ CD8^+^ T cells/spleen. Data are presented as the cumulative results from 3 (**C** and **D**) or 2--3 (**E**) independent experiments (ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).](ppat.1003861.g004){#ppat-1003861-g004}

To test our hypothesis, B6 mice were immunized with LLO^−^Lm-OVA in the presence of c-di-AMP. While ActA^−^Lm-OVA-immunized mice restricted bacterial growth following challenge, the co-administration of c-di-AMP with LLO^−^Lm-OVA did not rescue protective immunity ([**Fig. 4C**](#ppat-1003861-g004){ref-type="fig"}). Instead, the presence of c-di-AMP significantly reduced immunity in ActA^−^Lm-OVA-immunized mice suggesting that STING signaling inhibits protective immunity to *L. monocytogenes* infection.

To further examine the effect of c-di-AMP on immunity to *L. monocytogenes*, B6, STING- and IRF3/7-deficient mice were immunized with ActA^−^Lm-OVA in the presence or absence of c-di-AMP. Following challenge, B6 mice immunized in the presence of c-di-AMP had significantly higher bacterial numbers and had fewer numbers of total and OVA-specific CD8^+^ T cells in the spleen than mice immunized with ActA^−^Lm-OVA alone ([**Fig. 4D, 4E**](#ppat-1003861-g004){ref-type="fig"} **and [S4A](#ppat.1003861.s004){ref-type="supplementary-material"}**). STING-deficient mice were protected and had a robust CD8^+^ T cell expansion confirming that c-di-AMP-mediated inhibition of immunity was STING-dependent. IRF3/7-deficient mice were significantly protected as compared to naïve mice and had a population of OVA-specific CD8^+^ T cells, suggesting that c-di-AMP-mediated inhibition is partially due to IRF3 and IRF7 ([**Fig. 4D and 4E**](#ppat-1003861-g004){ref-type="fig"}). Interestingly, IRF3/7-deficient mice were less protected compared to mice immunized with ActA^−^Lm-OVA alone, indicating that STING-dependent, IRF3/7-independent signaling also plays a role in loss of protective immunity.

Next, we evaluated a *L. monocytogenes* mutant, *tetR*::Tn917, that secretes 20-fold more c-di-AMP than WT *L. monocytogenes* [@ppat.1003861-Crimmins1], [@ppat.1003861-Woodward1]. B6, STING- and IRF3/7-deficient mice were immunized with either ActA^−^Lm-OVA or the *tetR*::Tn*917* mutant in the ActA^−^Lm-OVA background (*tetR*ActA^−^Lm-OVA). B6 mice immunized with *tetR*ActA^−^Lm-OVA had significantly higher bacterial numbers in the spleen compared to ActA^−^Lm-OVA-immunized mice whereas STING- and IRF3/7-deficient mice exhibited no significant difference ([**Fig. 5A**](#ppat-1003861-g005){ref-type="fig"}). Furthermore, B6 mice immunized with *tetR*ActA^−^Lm-OVA had a smaller population of total and OVA-specific CD8^+^ T cells compared to ActA^−^Lm-OVA-immunized mice ([**Fig. 5B**](#ppat-1003861-g005){ref-type="fig"} **and [S4B](#ppat.1003861.s004){ref-type="supplementary-material"}**). These data supported our finding that enhanced STING signaling lead to a reduction in protective immunity.

![Immunization with a c-di-AMP hyper-secreting strain of *L. monocytogenes* reduces CD8^+^ T cell expansion and protective immunity following challenge.\
B6, *Gt* or *IRF3/7^−/−^* mice were immunized with either 10^3^ CFU Δ*actA* (open circles) or *tetR*ActA^−^Lm-OVA (*tetR*Δ*actA*) (open triangles). Naive controls were administered sterile PBS (closed circles). Mice were challenged 30--38 days post immunization with 2×10^5^ CFU WT Lm-OVA and 3 days later **A**. CFU were enumerated in spleens. The dashed line represents limit of detection. **B**. Splenocytes were stained with anti-mouse CD8, CD44 and K^b^/OVA~257--264~ tetramer and analyzed by flow cytometry. Quantitative analysis shows the total number of K^b^/OVA~257--264~ tetramer^+^ CD44^+^ CD8^+^ T cells/spleen. Data are presented as the cumulative results from 3--4 independent experiments (ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).](ppat.1003861.g005){#ppat-1003861-g005}

Enhanced STING activation inhibits CD8^+^ T cell priming {#s2d}
--------------------------------------------------------

To determine whether enhanced STING signaling reduces T cell priming, OVA-specific CD8^+^ T cells were measured at the peak of the primary response from mice immunized with ActA^−^Lm-OVA in the presence or absence of c-di-AMP or *tetR*ActA^−^Lm-OVA. At 7 days post immunization, mice immunized in the presence of c-di-AMP had significantly fewer OVA-specific CD8^+^ T cells compared to mice immunized with ActA^−^Lm-OVA alone. Mice immunized with the *tetR*ActA^−^Lm-OVA mutant also had a small decrease in antigen-specific cells ([**Fig. 6A**](#ppat-1003861-g006){ref-type="fig"}). Furthermore, the small population of OVA-specific CD8^+^ T cells that were present in mice immunized with elevated STING activation had significantly higher surface expression of the naïve T cell maker CD62L, suggesting that enhanced STING signaling elicited fewer antigen-specific effector T cells ([**Fig. 6B**](#ppat-1003861-g006){ref-type="fig"}). In addition, peptide-stimulated CD8^+^ and CD4^+^ splenocytes from ActA^−^Lm-OVA-immunized mice in the presence of c-di-AMP or *tetR*ActA^−^Lm-OVA-immunized mice produced fewer cytokines than those from ActA^−^Lm-OVA-immunized mice ([**Fig. 6C**](#ppat-1003861-g006){ref-type="fig"}). These data indicate that mice immunized in the presence of enhanced STING signaling exhibited reduced T cell priming.

![T cell priming is inhibited in the presence of enhanced STING activation.\
B6 mice were immunized with either 10^3^ CFU ActA^−^Lm-OVA (Δ*actA*) (open circles), Δ*actA* in the presence of 50 µg c-di-AMP or *tetR*ActA^−^Lm-OVA (*tetR*Δ*actA*) (open triangles). Naive controls were administered sterile PBS (closed circles). Splenocytes were isolated 7 days post immunization and stained with anti-mouse CD8, CD44, CD62L and K^b^/OVA~257--264~ tetramer and analyzed by flow cytometry. **A**. Quantitative analysis shows the total number of K^b^/OVA~257--264~ tetramer^+^ CD44^+^ CD8^+^ T cells/spleen. **B**. Histograms represent mice administered PBS (shaded), Δ*actA* (solid line) or Δ*actA* in the presence of c-di-AMP or *tetR*Δ*actA* (dotted line). Quantitative analysis shows the percentage of CD62L high-expressing cells of the CD8^+^ CD44^+^ K^b^/OVA~257--264~ tetramer^+^ population. **C**. Splenocytes were either unstimulated (un) or stimulated with OVA~257--264~ (OVA) or LLO~190--201~ (LLO) peptides followed by intracellular staining for anti-mouse IFN-γ, TNF-α and IL-2. Quantitative analysis shows the percentage of IFN-γ^+^/TNF-α^+^/IL-2^−^ (solid bars) or IFN-γ^+^/TNF-α^+^/IL-2^+^ (lined bars) within the CD8^+^ or CD4^+^ population. Data are presented as the cumulative results from 2--3 independent experiments (ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).](ppat.1003861.g006){#ppat-1003861-g006}

STING-mediated loss of immunity is dependent on type I IFNs {#s2e}
-----------------------------------------------------------

To determine the role of type I IFNs in STING-mediated CMI, IFN-αβR-deficient mice were tested for protective immunity. IFN-αβR-deficient mice restricted bacterial growth better than B6 mice ([**Fig. 7A and 7B**](#ppat-1003861-g007){ref-type="fig"}), indicating that like STING- and IRF3/7-deficient mice, IFN-αβR-deficient mice also hyper-immunize. Although IFN-αβR-deficient mice immunized in the presence of c-di-AMP had higher bacterial numbers compared to mice immunized with ActA^−^Lm-OVA alone, these mice were significantly more protected than naïve mice, indicating a role for both type I IFN-dependent and independent mechanisms of suppression ([**Fig. 7A**](#ppat-1003861-g007){ref-type="fig"}). IFN-αβR-deficient mice immunized with *tetR*ActA^−^Lm-OVA were completely protected ([**Fig. 7B**](#ppat-1003861-g007){ref-type="fig"}). These data indicated that the c-di-AMP-mediated inhibition of protective immunity is largely dependent on type I IFNs. Interestingly, we found that mice immunized in the presence of the synthetic double-stranded RNA, polyinosinic∶polycytidylic acid (poly(I∶C)), a STING-independent agonist of TLR3 and IRF3, also lost the ability to restrict bacterial growth following challenge (**[Fig S5](#ppat.1003861.s005){ref-type="supplementary-material"}**), suggesting that type I IFN-mediated inhibition of immunity is unlikely STING specific.

![Mice lacking type I IFNs are partially rescued from c-di-AMP-mediated immune inhibition.\
**A**. B6 or *IFNAR1^−/−^* mice were immunized with 10^3^ CFU ActA^−^Lm-OVA (Δ*actA*) in the presence (open triangles) or absence (open circles) of 100 µg c-di-AMP or **B**. *tetR*ActA^−^Lm-OVA (*tetR*Δ*actA*) (open triangles). Naïve mice were administered PBS (closed circles). Mice were challenged 30--38 days later with 2×10^5^ CFU WT Lm-OVA and 3 days post challenge, CFU were enumerated from spleens. The dashed line represents limit of detection. Data are presented as the cumulative results from 3 independent experiments (ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).](ppat.1003861.g007){#ppat-1003861-g007}

We next determined whether inhibition of T cell priming by STING-dependent type I IFNs acted directly on lymphocytes. CD8^+^ T cells lacking the IFN-αβR undergo clonal expansion in response to primary *L. monocytogenes* infection so an adoptive transfer model could be used [@ppat.1003861-Keppler1], [@ppat.1003861-Thompson1]. B6, STING-, or IFN-αβR-deficient mice were injected with WT and IFN-αβR-deficient OT-I splenocytes and subsequently immunized with ActA^−^Lm-OVA in the presence or absence of c-di-AMP. At 7 days, WT and IFN-αβR-deficient OT-I cells expanded in ActA^−^Lm-OVA-immunized B6 mice, whereas in the presence of c-di-AMP, both WT and IFN-αβR-deficient OT-I cells had significantly reduced populations indicating that type I IFNs were not directly blocking T cell priming ([**Fig. 8A and 8B**](#ppat-1003861-g008){ref-type="fig"}). Inhibition of T cell expansion by c-di-AMP was rescued in IFN-αβR- and STING-deficient mice further indicating that type I IFN-mediated suppression of immunity is not T cell intrinsic.

![Type I IFN-mediated immune suppression is T cell extrinsic.\
**A**. B6, *IFNAR1^−/−^* and *Gt* mice were injected with 1∶1 ratio WT *GFP^+^ Ly5.2^+^* and *IFNAR1^−/−^ Ly5.1^+^* OT-I cells 1 day prior to immunization with ActA^−^Lm-OVA (Δ*actA*) in the presence (open triangles) or absence (open circles) of 50 µg c-di-AMP or administered PBS (closed circles). Splenocytes were isolated 7 days later and stained with anti-mouse CD8 and CD45.1 and analyzed by flow cytometry. Values in representative FACs plots show the median percentage of WT or *IFNAR1^−/−^* OT-I cells ± SEM within the CD8^+^ T cell population. **B**. Quantitative analysis shows the percentage (left panels) within the CD8^+^ T cell population or the total number of CD8^+^ T cells/spleen (right panels) of WT OT-I T cells (top panels) and *IFNAR1^−/−^* OT-I T cells (bottom panels). Data are presented as the cumulative results from 2 of 3 independent experiments (ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).](ppat.1003861.g008){#ppat-1003861-g008}

Discussion {#s3}
==========

The results of this study show that the STING signaling pathway is not required to elicit CMI to *L. monocytogenes*. In fact, the absence of STING or IRF3 and IRF7 led to a higher number of antigen-specific CD8^+^ T cells and increased levels of protective immunity. Mice lacking both MyD88 and STING were also protected upon secondary challenge, indicating that not only is STING dispensable for the generation of a protective response to *L. monocytogenes*, it does not act in a redundant fashion with the TLR-MyD88 signaling pathway. Conversely, when STING activity was enhanced either by administering c-di-AMP during immunization or using a bacterial mutant that secretes elevated levels of c-di-AMP, mice failed to immunize and had decreased numbers of antigen-specific T cells following reinfection. This suppressive effect was largely due to the induction of type I IFNs since IFN-αβR-deficient mice immunized with either ActA^−^Lm-OVA in the presence of c-di-AMP or the *tetR* mutant were protected. Collectively, these findings suggest that *L. monocytogenes*-induced STING activation reduces the host adaptive immune response by induction of type I IFN.

The mechanism of type I IFN-mediated inhibition of T cell priming remains unclear. We found that both WT and IFN-αβR-deficient CD8^+^ T cells had significantly reduced expansion in the presence of c-di-AMP, suggesting that c-di-AMP-mediated suppression of lymphocyte priming is T cell extrinsic. One possibility is that the uptake of type I IFN-induced apoptotic cells by macrophages results in the release of the immunosuppressive cytokine IL-10 [@ppat.1003861-Carrero1]. However, mice administered c-di-AMP did not have detectable levels of IL-10 in the serum. Furthermore, similar to B6 mice, IL-10-deficient mice immunized in the presence of c-di-AMP were unable to elicit OVA-specific CD8^+^ T cells following challenge (**data not shown**). Thus, IL-10 is not the downstream effector of STING/type I IFN-mediated suppression of adaptive immunity in our model of protective immunity. Other mechanisms including indoleamine 2,3-dioxygenase (IDO)-mediated T cell suppression, which is upregulated by type I IFN [@ppat.1003861-Huang1], may play a role in c-di-AMP-mediated inhibition of immunity. Indeed, Huang *et al.* found that splenic DCs from mice treated with DNA nanoparticles suppress *ex vivo* T cell proliferation in a STING- and IDO-dependent manner [@ppat.1003861-Huang2].

While spleens from immunized STING-deficient mice contained fewer bacteria than B6 mice, bacterial clearance by immunized IRF3/7- and IFN-αβR-deficient mice was even higher. One possibility is that there are STING-independent sources of type I IFNs in response to *L. monocytogenes*. Supporting this hypothesis, we observed that MyD88/STING-deficient macrophages produced low levels of IFN-β eight hours post infection. Recent studies found that RIG-I-deficient cells had reduced IFN-β secretion in response to *L. monocytogenes* infection suggesting that RNA from *L. monocytogenes* can be detected by the host [@ppat.1003861-Abdullah1], [@ppat.1003861-Hagmann1]. Supporting this hypothesis, we found that immunized mice lacking MAVS, the signaling adaptor for RIG-I, were more protected than control mice upon reinfection (**data not shown**). Thus, RIG-I-dependent, STING-independent induction of type I IFNs via IRF3 and IRF7 may also contribute to the inhibition of protective immunity. Another possibility is that since naïve IRF3/7- and IFN-αβR-deficient mice exhibit heightened bacterial clearance compared to both naïve B6 and STING-deficient mice, innate immune factors are also likely restricting reinfection. In fact, IFN-αβR-deficient mice have higher neutrophil recruitment in response to *L. monocytogenes* infection [@ppat.1003861-BrzozaLewis1]. Thus, careful examination of each mouse strain will be necessary to determine the extent of the contribution of innate versus adaptive immune mechanisms in protective immunity.

Type I IFN-mediated inhibition of immunity is unlikely specific to STING activation. Mice immunized in the presence of the poly(I∶C), which induces type I IFNs independently of STING, also lost the ability to restrict bacterial growth following challenge. Several studies have shown that administering poly(I∶C) prior to a protein antigen inhibits clonal expansion of antigen-specific CD8^+^ T cells, supporting our findings that systemic type I IFN-induced inflammation reduces T cell priming [@ppat.1003861-Marshall1], [@ppat.1003861-Ngoi1].

The importance of type I IFNs during bacterial infection is less understood than for viruses [@ppat.1003861-Monroe1]. For example, IFN-β is the highest upregulated gene following *L. monocytogenes* cytosolic invasion, yet mice lacking the IFN-αβR are more resistant to acute infection, suggesting that type I IFNs may promote pathogenesis [@ppat.1003861-Carrero1], [@ppat.1003861-Auerbuch1], [@ppat.1003861-OConnell1]. However, strains of *L. monocytogenes* that secrete elevated levels of c-di-AMP and induce higher levels of type I IFNs, are not hypervirulent [@ppat.1003861-Schwartz1], but induce considerably less T cell immunity as shown in this study. Thus it is possible that secretion of c-di-AMP and consequent type I IFN production may play a role in *L. monocytogenes* pathogenesis by suppressing the development of adaptive immunity. Although *L. monocytogenes* generally causes acute infections, recent studies have found that type I IFNs promote chronic infections with LCMV by suppressing cell-mediated mechanisms of viral control [@ppat.1003861-Wilson1], [@ppat.1003861-Teijaro1]. In the case of *Mycobacterium tuberculosis*, mice lacking IRF3 are more resistant to infection with *M. tuberculosis* suggesting that IRF3 activation is detrimental to host clearance [@ppat.1003861-Manzanillo1]. In humans, IFN-α treatment leads to higher incidences of TB reactivation [@ppat.1003861-Telesca1]. Furthermore, active TB patients exhibit an increase in type I IFN-inducible transcripts in the blood, which correlated with disease severity [@ppat.1003861-Berry1]. Therefore, type I IFNs may exacerbate or maintain secondary or long-term chronic infections. Interestingly, human STING often contains polymorphisms that makes it resistant to bacterial but not host derived CDNs [@ppat.1003861-Diner1].

STING-mediated suppression of protective immunity was not solely due to type I IFNs. Although protective immunity in *tetR*ActA^−^Lm-OVA-immunized mice was rescued in the absence of IRF3/7 and the IFN-αβR, mice immunized in the presence of c-di-AMP exhibited type I IFN-independent suppression. Since STING activates NF-κB as well as IRF3, it is possible that NF-κB-dependent inflammation also plays a role in restricting immunity. We believe that administering c-di-AMP activates STING more robustly compared to infection with the *tetR*ActA^−^Lm strain and thus inhibition of immunity by type I IFN-independent inflammation would become more apparent.

The results of this and other studies suggest an inverse relationship between the extent of inflammation and the development of adaptive immunity. For example, IL-12-deficient mice immunized with *L. monocytogenes* develop higher numbers of CD8^+^ memory T cells and are more resistant to reinfection [@ppat.1003861-Pearce1]. In previous studies, we found that a *L. monocytogenes* strain engineered to activate the inflammasome, and consequently induce high levels of IL-1β secretion, was a poor inducer of adaptive immunity [@ppat.1003861-Sauer2]. Furthermore, co-administration of heat-killed or LLO-deficient *L. monocytogenes* blocked immunity to WT bacteria in a MyD88-dependent manner [@ppat.1003861-Bahjat2]. Thus, activation of three distinct signaling pathways, STING, MyD88, and caspase-1 all resulted in the inhibition of the development of adaptive immunity. Therefore, there appears to be a dichotomy between innate immune pathways that are necessary for survival (for example, MyD88 for *L. monocytogenes* and type I IFN for viruses), and those that lead to adaptive immunity. In fact, our data and work from others suggest that lack of inflammation represents an ideal environment for the generation of memory T cells [@ppat.1003861-Condotta1], [@ppat.1003861-Badovinac1]. Indeed, mice deficient for both MyD88 and STING are fully immunized by *L. monocytogenes* even though there was a significant reduction of dendritic and T cell activation and cytokine production following immunization.

Considering that the innate immune response is believed to be required for the initiation of adaptive immunity, we were surprised that MyD88/STING-deficient mice immunized with *L. monocytogenes* were protected after reinfection. This raises the question, which innate immune signaling pathways contribute to the initiation of T cell priming to *L. monocytogenes*? Previous work from our group found that NOD2 detects cytosolic *L. monocytogenes* [@ppat.1003861-Leber1]. However, immunized MyD88/NOD1/2-deficient mice clear bacteria upon secondary lethal challenge (**data not shown**), suggesting that protective immunity is not due to redundancy between MyD88 and NOD-like signaling pathways. Future studies to identify which innate immune detection pathways are required for *L. monocytogenes*-mediated CMI would provide a greater understanding of how pathogens and adjuvants elicit protective immunity, knowledge that can be used for the development and improvement of vaccines.

Materials and Methods {#s4}
=====================

Ethics statement {#s4a}
----------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All protocols were reviewed and approved by the Animal Care and Use Committee at the University of California, Berkeley (MAUP\# R235-0813B).

Mouse strains {#s4b}
-------------

C57BL/6 mice were purchased from The Jackson Laboratory. *Goldenticket* (*Gt*) mice were generated from an ENU mutagenesis screen. *Gt* mice contain a single nucleotide mutation in STING resulting in the absence of the STING protein [@ppat.1003861-Sauer1]. All mice were in the C57BL/6 genetic background. *Gt*, *MyD88^−/−^*, *MyD88^−/−^Gt*, *IRF3^−/−^*, *IRF3/7^−/−^* and *IFNAR1^−/−^* mice were bred in our facilities. *GFP^+/+^ OT-I^+/+^ RAG2^−/−^* and *IFNAR1^−/−^ OT-I^+/+^ Ly5.1^+/+^ RAG2^−/−^* mice were generously provided by Ellen Robey.

Bacterial strains and culture {#s4c}
-----------------------------

All *L. monocytogenes* strains were in the 10403S background. ActA^−^Lm-OVA (Δ*actA*Δ*inlB*) (DP-L6014) [@ppat.1003861-Brockstedt1], WT Lm-OVA (DP-L6018) and LLO^−^Lm-OVA (Δ*hly*) (DP-L6017) [@ppat.1003861-Bahjat1] *L. monocytogenes* were previously described. For *tetR*ActA^−^Lm-OVA (DP-L6015), the *tetR*::Tn*917* transposon [@ppat.1003861-Crimmins1] was transduced into ActA^−^Lm-OVA. *L. monocytogenes* were grown in brain heart infusion (BHI) media at 30°C overnight without shaking to stationary phase. For *in vitro* infections, *L. monocytogenes* was washed 3× in PBS. For *in vivo* infections, *L. monocytogenes* was diluted in BHI at 37°C shaking for ∼2 hours until they reached an OD~600~ 0.4--0.6.

*In vivo* infections {#s4d}
--------------------

Eight to 12 week old sex-matched mice were infected intravenously with 10^3^ CFU (unless otherwise indicated) of *L. monocytogenes* diluted in phosphate buffered saline (PBS) in a total volume of 200 µl. For acute infections and primary immunization studies, mice were sacrificed at 1, 2 and 3 or 7 days post infection, respectively. For challenge studies, mice immunized 30--38 days prior were infected with 2×10^5^ CFU of WT Lm-OVA. Where indicated, mice were administered either 50 µg or 100 µg of c-di-AMP or 50 µg of poly(I∶C) (InvivoGen) with the bacterial inoculum. Three days later, spleens and livers were homogenized in 0.1% IGEPAL CA-630 (Sigma) and plated on LB-strep plates to enumerate CFU. For analysis of CD8^+^ T cell responses, spleens were divided and weighed. For splenic dendritic and T cell activation, mice were immunized with 10^5^ CFU of ActA^−^Lm-OVA. A higher dose was used to allow for the easy detection of activated cells.

For OT-I cells, splenocytes from *GFP^+/+^ OT-I^+/+^ RAG2^−/−^* and *IFNAR1^−/−^ OT-I^+/+^ Ly5.1^+/+^ RAG2^−/−^* mice were isolated and washed 3× with PBS. Percent of CD8^+^ OT-I cells was determined by flow cytometry. 2×10^4^ of each cell type was injected intravenously into each mouse (4×10^4^ total cells/mouse) 1 day prior to immunization with *L. monocytogenes*.

C-di-AMP was generated by Josh Woodward as previously described [@ppat.1003861-Witte2]. Purified c-di-AMP was resuspended in tissue culture grade PBS. LPS was removed from the prepared c-di-AMP using Detoxi-gel endotoxin removing gel (Pierce) according to the manufacturers instructions. Endotoxin content was measured using the Toxinsensor Chromogenic LAL Endotoxin assay kit (Genescript). The nucleotide solution was passed through the Detoxi-gel until endotoxin levels were \<0.0125 EU/ml. Nucleotide was then diluted to 500 µg/ml.

Dendritic cell and T cell analysis {#s4e}
----------------------------------

For analysis of T cell responses, spleen halves were dissociated and filtered through a 70 µm cell strainer. Red blood cells were lysed with Red Blood Cell Lysing Buffer (Sigma). To determine OVA-specific cells, splenocytes were stained with anti-mouse CD8, CD44, CD62L and a K^b^/OVA~257--264~ tetramer. Representative FACs plots are gated on CD8^+^ cells and values show the median percentage of K^b^/OVA~257--264~ tetramer^+^ CD44^+^ within the CD8^+^ cell population ± SEM. For peptide stimulation assays, splenocytes were stimulated for 5 hours with 2 µM OVA~257--264~ or LLO~190--201~ peptide in the presence of GolgiPlug (BD Biosciences). Cells were surface stained with anti-mouse CD8 and CD4, fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences), and stained for intracellular anti-mouse IFN-γ, TNF-α and IL-2. For splenic dendritic cells and T cells, splenocytes were stained with anti-mouse CD11b, CD11c, CD86 and CD40 or anti-mouse CD8, CD4 and CD69, respectively. Flurophore-conjugated antibodies were purchased from eBioscience. Samples were acquired using an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star).

Quantitative PCR {#s4f}
----------------

BMMs were generated as previously described [@ppat.1003861-Portnoy1]. In a 6-well plate, 2×10^6^ BMMs were either infected with WT Lm at a multiplicity of infection (MOI) of 2 bacteria per cell or stimulated with 10 µM c-di-AMP. At 30 minutes post infection, gentamicin was added for a final concentration of 50 µg/ml. At 4 and 8 hours post infection, cells were harvested and RNA was purified using the RNAqueous kit (Ambion). RNA was then DNase treated, processed and analyzed as previously described [@ppat.1003861-Leber1].

Bone marrow-derived dendritic cells {#s4g}
-----------------------------------

Bone marrow from femurs was plated in media containing 20 ng/ml recombinant murine GMCSF (ProSpec) at a density of 5×10^5^ cells/ml in a 24-well plate. At days 2, 4 and 5 media was replaced with fresh media containing 20 ng/ml GMCSF and cells were harvested on day 6. BMDCs were plated at 3×10^5^ cells/well in 48-well plates. Cells were incubated with either 10 µM c-di-AMP, 100 ng/ml lipopolysaccharide (LPS), or 20 µg/ml poly(I∶C) (InvivoGen). After 24 hours, supernatant was assayed for IFN-β using ISRE-L929 cells as previously described [@ppat.1003861-Crimmins1], or for MCP-1, IL-12p40 (BD OptEIA kit, BD Biosciences) and IL-6 (eBioscience) by ELISA.

Serum cytokines {#s4h}
---------------

Serum cytokines were measured using the CBA Mouse Inflammation Kit (BD Biosciences) and analyzed on the LSRII flow cytometer.

Statistical analysis {#s4i}
--------------------

A two-tailed, Mann-Whitney *U* test was used to analyze the significance of differences in the means between groups. Significance is indicated as \* p\<0.05, \*\* p\<0.005, \*\*\* p\<0.0005 or ns = not significant.

Supporting Information {#s5}
======================

###### 

**Low immunization doses of avirulent** ***L. monocytogenes*** **protect against secondary lethal challenge.** **A**. B6 mice, and **B**. B6 and *Gt* mice were immunized intravenously with 10^7^, 10^6^, 10^5^, 10^4^ or 10^3^ CFU ActA^−^Lm-OVA (Δ*actA)* (open circles) or administered PBS (closed circles). Mice were challenged 30--38 days following immunization with 2×10^5^ CFU WT Lm-OVA and 3 days later CFU were enumerated in the spleens or livers of each mouse. The dashed line represents the limit of detection. Data are presented as cumulative results from 1--5 independent experiments (\*\*\*p\<0.0005).

(EPS)

###### 

Click here for additional data file.

###### 

**MyD88/STING-deficient mice have a defect in** ***L. monocytogenes*** **recognition and are more susceptible to acute infection.** **A**. BMMs from B6 (solid bars), *Gt* (open bars), *MyD88^−/−^* (lined bars) and *MyD88^−/−^Gt* (dotted bars) mice were infected with WT Lm (MOI 2) or incubated with 10 µM c-di-AMP. RNA was harvested 4 or 8 hours later and indicated cytokine transcripts were measured relative to those of β-actin transcripts. Data are presented as fold over uninfected BMMs and represent the mean ± SEM from 2 independent experiments. **B**. B6 (solid circles), *MyD88^−/−^* and *MyD88^−/−^Gt* (open circles) mice were infected with 10^3^ CFU WT Lm and bacterial numbers in the spleens and livers were enumerated at days 1, 2 and 3 post infection. An **X** marks each mouse that succumbed to infection prior to the conclusion of experiment. Data are presented as cumulative results from 3--4 independent experiments (ND = not detectable, ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).

(EPS)

###### 

Click here for additional data file.

###### 

**C-di-AMP activates dendritic cells and T cells in a STING-dependent manner** ***in vitro*** **.** **A**. BMDCs generated from B6 (solid bars) and *Gt* (open bars) mice were incubated with either 10 µM c-di-AMP, 20 µg/ml polyI∶C, 100 ng/ml LPS or PBS for 24 hours. IFN-β was determined by ISRE bioassay. MCP-1, IL-12p40 and IL-6 were determined by ELISA. **B**. BMDCs from **A** were stained with anti-mouse CD86 (top panels) and CD40 (bottom panels) and analyzed by flow cytometry. Histograms show unstimulated cells (shaded), 10 µM c-di-AMP (solid line) and 20 µg/mL polyI∶C (dashed line). Data are quantified as the fold increase of median fluorescence intensity over uninfected cells and presented as the mean ± SEM from 4 independent experiments.

(EPS)

###### 

Click here for additional data file.

###### 

**Enhanced STING activation during immunization inhibits expansion of total number of CD8^+^ T cells upon** ***L. monocytogenes*** **reinfection.** **A**. B6, *Gt* or *IRF3/7^−/−^* mice were immunized with either 10^3^ CFU Δ*actA* in the presence (open triangles) or absence (open circles) of 100 µg c-di-AMP or **B**. B6 mice were immunized with either 10^3^ CFU Δ*actA* (open circles) or *tetR*ActA^−^Lm-OVA (*tetR*Δ*actA*) (open triangles). Naive controls were administered sterile PBS (closed circles). Mice were challenged 30--38 days post immunization with 2×10^5^ CFU WT Lm-OVA and 3 days later splenocytes were isolated and stained with anti-mouse CD8 and analyzed by flow cytometry. Quantitative analysis shows the total number of CD8^+^ T cells/spleen. Data are presented as the cumulative results from 2--3 (**A**) and 3 (**B**) independent experiments (ns = not significant, \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005).

(EPS)

###### 

Click here for additional data file.

###### 

**Administration of poly(I∶C) during immunization inhibits protective immunity upon** ***L. monocytogenes*** **reinfection.** B6 mice were immunized with either 10^3^ CFU Δ*actA* in the presence (open triangles) or absence (open circles) of 50 µg poly(I∶C). Naive controls were administered sterile PBS (closed circles). Mice were challenged 30--38 days post immunization with 2×10^5^ CFU WT Lm-OVA and 3 days later CFU were enumerated in spleens and livers. The dashed line represents limit of detection. Data are presented as the cumulative results from 2 independent experiments (\*\*p\<0.005).

(EPS)

###### 

Click here for additional data file.
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